Cerebral cavernous malformations (CCMs) are a common type of vascular malformation in the brain that are a major cause of hemorrhagic stroke. This condition has been independently linked to 3 separate genes: Krev1 interaction trapped (KRIT1), Cerebral cavernous malformation 2 (CCM2), and Programmed cell death 10 (PDCD10). Despite the commonality in disease pathology caused by mutations in these 3 genes, we found that the loss of Pdcd10 results in significantly different developmental, cell biological, and signaling phenotypes from those seen in the absence of Ccm2 and Krit1. PDCD10 bound to germinal center kinase III (GCKIII) family members, a subset of serine-threonine kinases, and facilitated lumen formation by endothelial cells both in vivo and in vitro. These findings suggest that CCM may be a common tissue manifestation of distinct mechanistic pathways. Nevertheless, loss of heterozygosity (LOH) for either Pdcd10 or Ccm2 resulted in CCMs in mice. The murine phenotype induced by loss of either protein reproduced all of the key clinical features observed in human patients with CCM, as determined by direct comparison with genotype-specific human surgical specimens. These results suggest that CCM may be more effectively treated by directing therapies […] Cerebral cavernous malformations (CCMs) are a common type of vascular malformation in the brain that are a major cause of hemorrhagic stroke. This condition has been independently linked to 3 separate genes: Krev1 interaction trapped (KRIT1), Cerebral cavernous malformation 2 (CCM2), and Programmed cell death 10 (PDCD10). Despite the commonality in disease pathology caused by mutations in these 3 genes, we found that the loss of Pdcd10 results in significantly different developmental, cell biological, and signaling phenotypes from those seen in the absence of Ccm2 and Krit1. PDCD10 bound to germinal center kinase III (GCKIII) family members, a subset of serine-threonine kinases, and facilitated lumen formation by endothelial cells both in vivo and in vitro. These findings suggest that CCM may be a common tissue manifestation of distinct mechanistic pathways. Nevertheless, loss of heterozygosity (LOH) for either Pdcd10 or Ccm2 resulted in CCMs in mice. The murine phenotype induced by loss of either protein reproduced all of the key clinical features observed in human patients with CCM, as determined by direct comparison with genotype-specific human surgical specimens. These results suggest that CCM may be more effectively treated by directing therapies based on the underlying genetic mutation rather than treating the condition as a single clinical entity.
Introduction
Cerebral cavernous malformations (CCMs) are common vascular malformations with a prevalence of 1 in 200 to 250 individuals in unselected populations (1, 2) . CCMs can lead to focal neurological deficits, seizures, and hemorrhagic stroke, but no pharmacologic therapy currently exists (3) . CCMs predominantly occur in the central nervous system and are characterized by subclinical bleeding and consequential hemosiderin deposits that are detected by MRI (4) . MRI is the primary clinical modality for detection, diagnosis, and management of CCMs. Hemosiderin deposits give CCMs an MRI appearance of a central mass with a dark perilesional halo, whose appearance is nearly diagnostic (pathognomonic) of cavernous malformation (5) . Cavernous malformations are characterized by a complex of vascular channels of varying sizes lined by a single layer of endothelial cells without any abnormally large arteries, arterialized veins, or large venous outflow vessels. Although dense fibrillary neuroglial tissue may penetrate the mass, vascular channels are generally arranged in a back-to-back pattern with little or no intervening brain parenchyma. There is often a peripheral margin of gliotic tissue containing hemosiderin-laden macrophages (6) .
CCMs can occur sporadically or be inherited in an autosomal dominant pattern. Familial CCM has been linked to heterozygosity for any of 3 genes: Krev1 interaction trapped (KRIT1), Cerebral cavernous malformation 2 (CCM2), and Programmed cell death 10 (PDCD10) (7) . All 3 proteins bind each other in coimmunoprecipitation experiments on cells overexpressing these proteins, leading to the hypothesis that they function as a complex to affect a common signaling mechanism (8) . Both Krit1 and Ccm2 are required for proper connection of the developing heart with the aorta to establish circulation in the mouse embryo (9, 10) . Mice lacking either Krit1 or Ccm2 fail to form a lumenized first branchial arch artery to link the heart and aorta; as a result, mice lacking either gene die at the same age. The requirement for Ccm2 is endothelial autonomous (9, 11) . In the endothelium, both KRIT1 and CCM2 suppress the activity of the small GTPase RhoA (9, 12) . Loss of either gene leads to RhoA activation and signaling through Rho kinase (ROCK) resulting in increased actin stress fibers, impaired cell-cell interactions, and increased vascular permeability (9, 12, 13) . These defects can be reversed in cell culture and in mice with inhibitors of RhoA including HMG-CoA reductase inhibitors (statins) (9, 12) .
A recent report suggested a similar mechanism of Rho activation for PDCD10 (14) . However, other studies have suggested a different cell-signaling role for PDCD10. While KRIT1, CCM2, and PDCD10 all occupy the cytoplasmic compartment of the cell, unique subcellular localization for each has been described, including nuclear localization of KRIT1 (15) and Golgi localization of PDCD10 (16) . Each protein has also been found to have unique binding partners (17) (18) (19) ). PDCD10's binding partners include members of the germinal center kinase III (GCKIII) subfamily of serine-threonine kinases with homology to yeast sterile-20 (STE20) kinase (16, (20) (21) (22) (23) . Furthermore, the clinical features of CCM in KRIT1, CCM2, and PDCD10 families have important differences (24, 25) , with PDCD10 resulting in the most severe disease (24, 26) . It is possible that CCM disease is the common result of multiple unique mechanisms and may require unique therapeutic strategies to target the underlying disturbed cellular and signaling pathways.
Though the signaling and cellular mechanisms associated with the 3 known CCM proteins may be different, a common genetic mechanism of loss of heterozygosity (LOH) has been suggested for familial CCM disease (27) (28) (29) . Familial CCM is more aggressive than sporadic disease, with an earlier age of onset, increased risk of hemorrhage and seizure, and an increased number of lesions (3, (30) (31) (32) . These observations have led to the hypothesis that CCM disease occurs by the Knudson 2-hit mechanism, similar to retinoblastoma (33) . There is limited evidence from human pathologic specimens to support an association of LOH with CCM lesions. In a series of challenging experiments, a number of investigators have identified biallelic mutations, 1 somatic and 1 germline, in the endothelium of a subset of patient samples (27, 28, 34) . While LOH could not be confirmed for a number of samples, a total of 4 cases have been described for KRIT1 and 1 case each for CCM2 and PDCD10. Mice heterozygous for Krit1 or Ccm2 do not develop cavernous malformations, and no examples of secondary somatic mutations have been reported (35, 36) .
To determine whether endothelial LOH is not simply associated with, but is causative for, CCM pathology, requires an animal model with a controlled genetic mutation that can be directed and detected in a tissue-specific manner. In this work, we use druginducible, tissue-specific strains of Cre recombinase to target conditional null alleles of the CCM genes to test directly the 2-hit hypothesis for cavernous malformations. We demonstrate that Pdcd10 differs substantially from Ccm2 in development, cell biology, and signaling, yet LOH is the common genetic mechanism to cause CCMs in both genotypes. These findings suggest that PDCD10 influences different endothelial signaling pathways from KRIT1/CCM2 to lead to a common histopathology and imply that medical treatment to stabilize familial CCM may need to be developed and evaluated in a genotype-specific manner.
Results

Loss of Pdcd10 results in embryonic lethal phenotypes distinct from loss of Krit1 or Ccm2. To determine the role of Pdcd10 in development and
disease, we developed a conditional null allele, Pdcd10 flox , in which exons 4-8 are flanked with LoxP sites (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI44393DS1). This strategy also allowed us to generate a constitutive null allele, Pdcd10 -, by crossing mice carrying Pdcd10 flox with a mouse strain expressing Cre recombinase in the germline (37) . To characterize the role of Pdcd10 in development, we intercrossed Pdcd10 +/-mice and harvested embryos at varying stages of development. Surprisingly, we found that mice lacking Pdcd10 died at a much earlier age than those deficient for either Krit1 or Ccm2. Whereas Krit1 and Ccm2 mice show growth arrest at E9.0 and die at E11 (9) (10) (11) , the loss of Pdcd10 leads to growth arrest at E8.0, after gastrulation, but prior to the onset of circulation or the requirement for cardiovascular function (Table 1 and Supplemental Figure 1 ).
An earlier requirement for Pdcd10 than Krit1 or Ccm2 in development does not preclude a shared role in the vascular system. Mice with endothelial loss of Ccm2 phenocopy the constitutive null mutant (9, 11), so we sought to determine whether mice with endothelial loss of Pdcd10 would also recapitulate the Ccm2 phenotype. Using the endothelial Tie2-Cre driver, the same Cre driver that we used to ablate Ccm2 (9), we found that although mice with endothelial loss of Pdcd10 (Pdcd10 flox/-;Tie2-Cre) did not survive to birth, they had patent branchial arch arteries, a developed circulatory system, and were indistinguishable from control littermates at E9.5 (Supplemental Figure 2) . Instead, we found that loss of Pdcd10 in the endothelium leads to progressive enlargement of the cardinal vein and other veins of the rostral embryo at E11.5 ( Figure 1 ). Venous enlargement was not due to abnormal cardiac structure or function ( Figure 1 and Supplemental Figure 2 ), nor were defects observed in arteries of the embryo ( Figure 1 and Supplemental Figure 2 ). Death occurred due to hemorrhage from venous rupture by E13.5 (Table 2) . Additionally, mice with loss of Pdcd10 in neural and glial tissues induced by Nestin-Cre showed no vascular or any other obvious defects and were born alive (Supplemental Figure 2 and Supplemental Table 1 ). These observations suggest that Pdcd10 is required in the endothelium for control of venous size and integrity, yet Pdcd10 differs from Ccm2 in that it is not required for the establishment of circulation.
Loss of PDCD10 does not affect RhoA signaling but results in lumen formation defects. To explore the role of PDCD10 in endothelial cells, we depleted PDCD10 in human dermal microvascular endothelial cells (HMVEC) with siRNA (Supplemental Figure 3) . Whereas the loss of CCM2 leads to an increase in actin stress fibers as a result of RhoA activation (9, 12, 13) and phosphorylation of myosin light chain-2 by Rho kinase (Figure 2 ), we observed none of these indicators of RhoA activation with the loss of PDCD10 (Figure 2) . Thus, the role of PDCD10 in endothelial cell biology and signaling differs from that of CCM2.
Having found that PDCD10's function in development differs from that of CCM2, we sought to identify defects associated with PDCD10 depletion in assays relevant to vascular development. PDCD10-depleted HUVECs showed defective function in a 3D angiogenesis assay. Endothelial cells plated in a collagen matrix spontaneously organize into complex multicellular capillary-like networks with lumens (38) , but cells depleted of PDCD10 failed to organize themselves into a lumenized network (Supplemental Figure 4 , A and B). We explored potential downstream signaling pathways using this assay. A growing body of evidence suggests that PDCD10 interacts with the GCKIII subfamily of serine-threonine kinases (16, (21) (22) (23) ; we used siRNA to deplete cells of each of the subfamily members (Supplemental Figure 3) . We observed no effect on lumen formation with the knockdown of STK25, STK24, or MST4 in HUVECs (Supplemental Figure 4C) .
Pdcd10 functionally associates with GCKIII in lumen formation. Because the GCKIII family members may be functionally redundant, we sought to validate the importance of the PDCD10-GCKIII interaction in vivo and in a simpler genetic model. We chose the fruit fly, Drosophila melanogaster, in which the GCKIII family is represented by Figure 4D ) in a manner analogous to that of human, mouse, or zebrafish protein (21, 23) . A human disease PDCD10 mutation exists, which deletes 18 amino acids crucial for PDCD10-GCKIII binding (21) . Removal of the analogous 18 amino acids from the Drosophila Pdcd10 protein abrogated binding to GCKIII (Supplemental Figure 4D) . Whereas Drosophila do not develop a vascular system, they do form a branched, lumenized network of tubes in the tracheal (respiratory) system. This epithelial network requires coordinated cell-cell interactions and specialized cell-cell junctions, analogous to the mammalian vascular system (39, 40) . To determine the necessity of Pdcd10 in developing fly tracheal tubes, we expressed a dsRNA directed against Pdcd10 (41) under the control of the tracheal-specific Breathless promoter (42) using the GAL4-UAS system (43) . We found that tracheal tubes lacking Pdcd10 grow and branch normally, but fail to lumenize and fill with air (Supplemental Figure 5) , indicating that Pdcd10 is required for normal lumen formation in fly tracheal tubes as it is in human endothelial tubes. This effect is highly penetrant; nearly all dsRNA-expressing flies show lack of lumenization in multiple tracheal tubes (Supplemental Figure 4E ). The specificity of this effect is confirmed, as it could be rescued by coexpression of Drosophila Pdcd10 in RNAi-expressing cells (Supplemental Figure 4E ). Notably, coexpression of the 18-amino acid deletion form of Drosophila Pdcd10, which does not bind to GCKIII, fails to rescue this phenotype (Supplemental Figure 4E) . We used the same RNAi strategy to inactivate GCKIII (44) in the developing tracheal system. Tracheal tubes lacking GCKIII exhibit failure of lumenization (Supplemental Figure 5) , and the phenotype appears very similar to that of Pdcd10-deficient tubes. Thus, Pdcd10 is essential for normal lumen formation in the absence of Krit1 and Ccm2 and in a manner that requires interaction with GCKIII kinases.
Our experiments in Drosophila suggested that GCKIII kinases are required for lumen formation but that functional redundancy in mammalian cells may have accounted for the lack of a lumen formation defect when any single kinase was lost. We therefore performed combinatorial knockdown experiments for pairs of the GCKIII kinases. Consistent with our hypothesis, we found that the loss of STK25, if coupled with the loss of either STK24 or MST4, was sufficient to reproduce the lumen formation defects seen with PDCD10 depletion (Supplemental Figure 4) . Thus, PDCD10 interaction with GCKIII kinases is critical in lumen formation.
LOH of either Pdcd10 or Ccm2 causes murine cavernous malformations that phenocopy human CCMs. Pdcd10 and Ccm2's functions clearly
differ in embryonic development, in endothelial cell culture, and in signaling, and Pdcd10 is necessary for lumen formation in a system that lacks Ccm2 or Krit1. The 3 genes, however, are linked 
Table 2
Loss of Pdcd10 in the endothelium leads to embryonic death after E12. to the same human disease. Limited human genetics suggested an association between LOH and CCM disease, so we investigated whether Pdcd10 and Ccm2 share this genetic mechanism for causing disease. To control the timing of the endothelial "second-hit," we used a drug-inducible Cre strain under the control of the PDGF-B promoter. This PDGFb-iCreER T2 strain expresses a Cre recombinase activated only after administration of the drug tamoxifen. Consistent with the original report describing this recombinase (37), we found that the administration of tamoxifen on the first postnatal day (P1) led to efficient, endothelial-specific recombination throughout the entire brain vasculature (Supplemental Figure 6 ). The induction of endothelial LOH of either Pdcd10 or Ccm2 by this Cre at birth resulted in CCMs in mice as early as 1 month of age ( Figure 3 ). Induction of endothelial LOH of either Pdcd10 or Ccm2 resulted in a spectrum of vascular malformations, from capillary telangiectasias, to isolated caverns, to multiple back-to-back caverns with thrombosis, hemorrhage, and formation of secondary channels (Supplemental Figure 7) . Loss of protein product via LOH was confirmed by antibody staining (Supplemental Figure 8) . The retinal vasculature is another location for human CCMs, and murine cavernous malformations were also observed in mouse retinal vasculature (Supplemental Figure 9 ). To formally prove LOH in the endothelium of these CCMs, we performed laser capture microdissection to obtain tissue-specific DNA as previously done in human studies of CCM (28) . We found that DNA from lesion endothelium had lost the conditional allele for either Pdcd10 or Ccm2, confirming LOH, whereas this allele could still be detected in adjacent neuronal tissue ( Figure 3 ). In contrast, loss of Ccm2 in neural tissues using Nestin-Cre did not result in the development of vascular malformations (Supplemental Figure 10) . We characterized the histopathologic features of cavernous malformations in mice with induced endothelial loss of either Pdcd10 (Figure 4 ) or Ccm2 ( Figure 5 ). We compared mouse CCMs with surgical specimens from CCM patients with germline mutations of either PDCD10 (Figure 4 ) or CCM2 ( Figure 5 ). Cavernous malformations in these induced mouse models share all of the key histologic features of CCM lesions with human specimens. Furthermore, both Pdcd10 and Ccm2 resulted in identical pathologic findings for all of these defining characteristics in both human and mouse (Table 3) . Mouse specimens showed numerous . Additionally, we also examined gliosis, trichrome staining, elastin, laminin, and collagen type IV, and these features were all identical between mouse and human lesions ( Figure 4 , E and N, Figure 5 , E and N, and Table 3 ).
We also examined mouse lesions at the ultrastructural level using transmission electron microscopy. Murine cavernous malformations showed endothelial cells lining vascular channels with associated basal lamina ( Figure 6A ). Some of the larger channels showed segmental multilayering (lamellated appearance) of the basal lamina ( Figure 6B ). The most dilated channels showed focally marked attenuation of the endothelial cells ( Figure 6C) ; however, tight junctions were identified between cells, and definitive gaps were not seen. Connective tissue composed mainly of collagen fibers separated the vascular channels ( Figure 6D ). Pericytes or astrocytic foot processes were missing, as seen in human lesions. Foci of mononuclear inflammatory cells were also seen ( Figure 6E ), including hemosiderin-laden macrophages (Figure 6F ). Ultrastructural analysis of murine CCM lesions was similar to that described in human CCMs (45) , further solidifying the fidelity of the mouse model to the human disease.
Murine cavernous malformations can be detected and followed noninvasively by MRI. MRI is used to document the natural history of human cavernous malformations and will be necessary for prospective therapeutic trials in both mice and humans. We thus employed monthly live MRI studies to follow the onset and progression of disease in mice until at least 6 months of age ( Figure 7 ). As in humans (24), mice lacking Pdcd10 had an earlier onset of disease, with a more severe phenotype than Ccm2. All Pdcd10 mice studied at 1 month of age had lesions, whereas no Ccm2 mice had yet developed lesions by 2 months of age ( Figure 7K ). Mice with Pdcd10 mutations had a greater disease burden when assessed by total lesion burden ( Figure 7L ) or by number of complex lesions (increased signal intensity within the lesion; Figure 7M ). Cavernous malformations were fully penetrant in mice with Ccm2 LOH at 6 months of age and most had lesions at 4 months, at which time the disparity between the genotypes began to narrow. This parity reflected not only the increased burden of disease in Ccm2, but also the onset of death in the most severely affected Pdcd10 mice. Mice of both genotypes began to die of hemorrhage, but mortality was greater in mice with LOH for Pdcd10 ( Figure 7N ), a finding that reflects the reported experience in humans (24) .
Discussion
Although CCM has been associated with mutations in 3 distinct loci, it has been clinically treated as a single pathophysiologic entity. In this manuscript, we describe for what we believe is the first time the pathologic features of CCM in a genotype-specific manner. We find that mutations of both PDCD10 and CCM2 result in a common pathologic expression of disease in both humans and mice. Surprisingly, this common disease endpoint does not constitute proof of a common disease mechanism. Whereas our previous work and the work of others found that Ccm2 and Krit1 play similar roles in embryonic development, in vitro cell biology, and cell signaling (9, 10, 12, 13) , these roles differ from those we observe with Pdcd10. Unlike Krit1 and Ccm2, Pdcd10 is not required for development of the branchial arch arteries that connect the heart to the aorta.
Rather, Pdcd10 has an essential, nonendothelial role in development not shared with Krit1 or Ccm2 as well as an essential function in venous maturation. We further observe differences in cell biology and signaling between PDCD10 and KRIT1 or CCM2; whereas the loss of KRIT1 or CCM2 leads to RhoA activation, increased Rho kinase activity, myosin light chain phosphorylation, and actin stress fiber formation (9, 12, 13), we do not observe activation of this signaling pathway in cells depleted of PDCD10. Instead, we found that PDCD10 signals primarily through the GCKIII family of kinases.
The similarity in human CCM disease caused by mutations in KRIT1, CCM2, and PDCD10 have led to an assumption that the proteins encoded by these genes function in a common signaling pathway. This assumption has been supported by experimental evidence showing binding between ectopically expressed, epitope-tagged proteins (7, 8) . However, the complexities of signaling pathways and pathophysiology allow for multiple mechanisms to converge on a common disease phenotype ( Figure 8A ). An example is hypertrophic cardiomyopathy, which was considered 1 disease until molecular genetics revealed that 2 different mechanisms (sarcomere function or metabolism), each affected by distinct genes, both result in pathologic hypertrophy ( Figure  8B and ref. 46) . We propose that a similar scenario is involved in the pathogenesis of CCM ( Figure 8C ).
There is controversy concerning the signaling pathways affected by PDCD10. Several reports suggest an essential role for binding GCKIII family serine-threonine kinases (16, (21) (22) (23) . However, a recent characterization of mice carrying a different conditional allele of Pdcd10 showed that the loss of Pdcd10 in endothelial cells substantially blocks VEGFR2 signaling and inhibits the earliest stages of developmental angiogenesis (47) . The implication of VEGFR2 signaling through MAP kinases agrees with a previous report linking GCKIII kinases and ERK signaling (20) . Our data contrast with these reports; we observe that the absence of Pdcd10 in vivo leads to a localized vascular defect at a much later developmental stage, inconsistent with a panendothelial block of VEGF signaling. In cell culture, we have not found any interaction between PDCD10 and VEGF or ERK signaling (Supplemental Figure 11 ). We suspect that this disparity may be due to a difference in knockout strategy; however, our confidence in our allele is bolstered by our ability to induce CCM disease. Our data support the model that PDCD10 signals through the GCKIII family kinases, as we have observed in human endothelial cells and in Drosophila that PDCD10 binds to GCKIII family kinases and both are required for lumen formation. Previous reports have further suggested that GCKIII signals through RhoA to converge with KRIT1/CCM2 signaling (23) . By direct comparison of Ccm2 and Pdcd10 in mouse and cell biology, however, our data suggest that PDCD10 signaling is distinct from the CCM2-RhoA axis.
The nature and severity of disease in familial forms of CCM in comparison with sporadic CCM suggested a genetic mechanism consistent with Knudson's 2-hit hypothesis (33): LOH for a CCM gene induces lesions. Limited evidence to support this theory has come from a few human surgical samples amid multiple cases in which the second genetic hit could not be found (27, 28) . Further supportive evidence comes from mice with heterozygous mutations for Krit1 or Ccm2 that have been mated into strains with high rates of spontaneous mutations. Mice heterozygous for Krit1 develop CCM lesions on either a p53- or Msh2-null background, whereas mice heterozygous for Ccm2 develop lesions only on the p53-, but not the Msh2-null background (35, 36) . Whereas these models provide suggestive evidence of LOH and employ stochastic events to induce CCM formation, LOH was not demonstrated at either locus, nor can the LOH hypothesis be supported for all CCM genes, as Ccm2 +/-;Msh2 -/-mice do not develop CCMs. These models also do not rule out a role for mutations in other, non-CCM genes and do not control tissue specificity of mutation. The penetrance of CCMs in these models is incomplete, complicating the use of these models in prospective trials to study therapeutics or natural history of CCM disease. Concurrent development of neoplasms in both the p53- and the Msh2-null backgrounds also adds confounding physiological stressors and increases the mortality of the animals. In contrast, we employ a strategy that allows direct testing of the LOH mechanism in CCM disease. Using an inducible Cre-recombinase, we have targeted gene-specific LOH for both Pdcd10 and Ccm2 to the endothelium of mice. In the case of both genes, we have found that LOH is sufficient to cause a fully penetrant CCM phenotype that recapitulates every key pathologic and radiologic hallmark of human disease.
Much work remains to translate the observations and insights regarding disease signaling mechanisms into viable therapeutic strategies in patients. This work underscores the importance of carefully considering disease mechanisms in a genotype-specific manner. The availability of faithful, genotype-specific, and highly penetrant mouse models of CCM disease unlocks the tremendous opportunities to study the natural history of lesion genesis and progression as well as opportunities for preclinical testing of therapeutic interventions. In order for mouse models of CCM disease to be useful in informing human studies, the same tools used to follow patients with CCM need to be developed for serial observation of affected mice. We have demonstrated that noninvasive MRI of live mice, the same modality used to follow CCM in humans, can detect and follow murine CCMs. Although our mouse models share a measurable mortality, as with humans, they are compatible with prolonged survival and serial, noninvasive observation. The ability to follow these mice noninvasively over time is a crucial prerequisite for judging the effectiveness of any preclinical therapeutic strategy in the future and for testing the timing and intensity of LOH required for lesion formation. Our mouse models of CCM phenocopy human disease closely, supplanting previously available surrogate phenotypes, and are a powerful new tool in the armamentarium to decipher and combat CCM disease.
Methods
Mouse strains. The Ccm2 conditional knockout mice have been previously described (9) . A construct for the conditional allele of Pdcd10 was derived from genomic sequence obtained from a BAC clone (RP22 library; Invitrogen). The construct extended from a SacII site 5′ of exon 4 through an ApaI site 3′ of exon 8. The construct contained inserts as outlined in Supplemental Figure 1 , including LoxP sequences at a KasI site just 5′ of exon 4 and at a EcoRI site just 3′ of exon 8. All mice were backcrossed into the C57BL/6J strain. Experiments performed prior to the fifth cross were performed with littermate controls. LacZ reporter mice (R26R1), Tie2-Cre 5′-TGAAAGAGGACATACTGGAGAGGC-3′, primer Z: 5′-AAGGACAAGAAAGCACTGTTGACC-3′. Tamoxifen (Sigma-Aldrich) was resuspended in corn oil (Sigma-Aldrich), and 40 ng was given as an i.p. injection to mouse pups on perinatal day 1. MRI of mouse brains. All MRI experiments were conducted on a 7T Bruker Biospec 70/30 USR scanner (Bruker Biospin MRI Inc.) equipped with a BGA12S gradients set. A combination of volume-transmitonly radio frequency coil (internal diameter: 72 mm) and a quad-surface-receive-only coil (internal diameter: 1.5 cm) were used. For live scans, mice were anesthetized in 2.5% isoflurane and then placed into the scanner on top of circulating heated water. During the scans, mice were monitored for temperature and respiration, with isoflurane concentration and water bath temperature adjusted to maintain a body temperature between 35.8°C and 37.6°C and respiration between 75 and 100 breaths/min. A gradient recalled echo sequence was used to acquire coronal slices spanning the whole brain. Sequence parameters were as follows: repetition time, 328 ms; echo time, 5.4 ms; flip-angle, 40°; 12 averages, in-planeresolution, 125 μm × 125 μm; and slice thickness, 0.5 mm.
For postmortem specimens, mouse skulls were fixed in 4% formaldehyde for at least 3 days before the brain was imaged with the skull intact. Postmortem MRI scanning allows a high-resolution coverage of the brain at the expense of longer scan time. High-resolution 3D gradient echo was acquired using the same scanner configuration described above, with isotropic voxel size of 78 μm × 78 μm × 78 μm over 9 hours. Other sequence parameters were as follows: repetition time, 250 ms; echo time, 7.5 ms; flip angle, 30°; and 2 averages.
Histology. Embryo and mouse CCM lesions were studied with antibodies to PECAM (1:250 dilution, clone MEC13.3; BD Biosciences) and PDCD10 (1:50 dilution, Prestige Antibody; Sigma-Aldrich). Improved visualization on paraffin sections was obtained using a biotinylated tyramide signal amplification (TSA) kit (PerkinElmer) according to the manufacturer's instructions. To demonstrate tissue specificity of PDFGb-iCreER T2 , brains from mice carrying a LacZ reporter allele were fixed and then stained with X-gal as previously described (48) . Brains from mice carrying the Tomato-EGFP reporter allele were fixed and then embedded into OCT (Fisher Scientific) for fluorescent frozen sections. H&E staining of embryos was performed using standard procedures.
For histology of adult mouse brains, mouse skulls were fixed in 4% formaldehyde for at least 3 days or zinc-buffered formalin overnight before the brain was removed and sliced into 4 coronal sections. These sections were embedded into paraffin by standard techniques. Prussian blue staining for iron and Masson's trichrome staining of mouse brain sections were performed using the Artisan system (DAKO) according to manufacturer's instructions. Staining for elastin, laminin, and collagen IV was performed by the Immunohistochemistry Research and Development Lab at ARUP Laboratories. Human CCM samples were stained in the same way as adult mouse brains except for CD34 staining, which was performed by the Central Labs at Intermountain Medical Center (Murray, Utah, USA).
Fluorescent staining of mouse retinas. Mice were anesthetized using Avertin (2,2,2-tribromoethanol, 0.4 mg/g; Acros Organics) and perfused with fluorescently conjugated tomato lectin (Vector Labs) as previously described (49) at a dose of 5 μg/g body weight. After 5 minutes, mice were perfused with saline and then with 4% formaldehyde. Retinas were then extracted, stained, and mounted as previously described (50) .
Analysis of mouse embryos. Confocal immunofluorescence of embryos and
fetal ultrasound were performed as previously described (9) .
Transmission electron microscopy. Samples were fixed in 1% formaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with 8 mM CaCl2 and 2.4% sucrose, pH 7.4, for at least 3 days. Samples were then rinsed in 0.1 M cacodylate buffer, postfixed in 2% osmium tetroxide in 0.1 M cacodylate buffer, rinsed in type I water, and then enbloc stained with saturated aqueous uranyl acetate. Samples were dehydrated through a graded series of ethanols, followed with final dehydration in acetone, and then infiltrated and embedded in an epoxy resin.
Thick sections and thin sections were cut on a Leica EM UC6 ultramicrotome (Leica Microsystems). The thick sections were cut with glass and the thin sections were cut with a diatome diamond knife. Thick sections were dried on glass slides and were stained with 1% toluidine blue O in 1% aqueous sodium borate. Thin sections were placed on 135 mesh copper hex grids and stained sequentially with saturated aqueous uranyl acetate and Reynolds lead citrate.
Sections were examined on an FEI Tecnai T-12 transmission electron microscope (FEI) at 80 KV. Images were taken on Kodak 4489 electron microscope film, developed with Kodak D-19 developer, fixed, washed, and dried. The negatives were scanned on an Epson Perfection Photo 4990 flatbed scanner.
Cell culture. HUVEC and HMVEC were obtained from Lonza and grown according to the manufacturer's instructions in EGM-2 media (HUVEC) or EGM-2MV media (HMVEC). Human embryonic kidney (HEK 293T) cells (ATCC) were grown in DMEM (Gibco; Invitrogen) with 10% fetal bovine serum (Bio-West) supplemented with antibiotics. EAHY cells were generously provided by Andrew Weyrich (University of Utah) and were grown in DMEM with 10% fetal bovine serum and HAT supplement (Sigma-Aldrich).
Transfection of ECs with siRNAs. Human CCM2 and PDCD10 siRNAs were obtained from Dharmacon. Luciferase GL2 duplex or nontargeting siRNA (Dharmacon) were used as controls. EC transfection with siRNAs was carried out in growth media with 1% serum. Details of the siRNA transfection protocol have been described previously (51) .
RT-PCR. Total RNA was extracted from EC vasculogenesis assay at indicated time points or from siRNA-treated ECs using the ToTALLY RNA Isolation Kit (Ambion) according to the manufacturer's instructions. RNA (1 μg) was reverse transcribed using AccuScript High Fidelity 1st strand cDNA synthesis kit (Stratagene; Agilent). RT-PCR amplification used the following primers: forward: 5′-AGACTTCACGGAGTCCCTTC-3′, reverse: 5′-AGAAGGTCTGAAGTATTAAGTTGG-3′. For quantitative real-time PCR, total RNA was extracted from cultured endothelial cells or from embryos using the NucleoSpin RNA II Kit (Clontech) according to the manufacturer's instructions. Reverse transcription was performed with random primers using the RETROScript Kit (Ambion). Quantitative PCR was performed with TaqMan assays (Applied Biosystems) for human CCM2, PDCD10, GAPDH, STK24, STK25, and MST4 or mouse Pdcd10 and Gapdh. Quantification was performed by standard curve method, and
Figure 8
Convergence of different mechanistic pathways in common pathology. (A) Proposed schema for different genes acting on separate mechanistic pathways, yet ultimately resulting in a common expression of disease. (B) Genetic studies of hypertrophic cardiomyopathy highlight genes that can be grouped broadly into 2 separate mechanistic pathways: sarcomeric proteins such as β-myosin heavy chain (MYH7), and metabolic genes including adenosine monophosphate-activated protein kinase (PRKAG2). (C) Studies of mouse development, cell biology, and signaling suggest that KRIT1 and CCM2 signal through RhoA GTPase, while PDCD10 signals through GCKIII kinases to lead to cavernous malformations.
CCM2 and PDCD10 transcripts were normalized to GAPDH for comparisons. RT-PCR primers for embryonic Pdcd10 transcripts were as follows: primer 4F: 5′-TTCACCGAGTCCCTCCTTCG-3′; primer 7/8R: 5′-GAACA-CATTTATTGCCTTGCCATC-3′; primer 1F: 5′-AAGTCCGTGCCTCAGTT-GCC-3′; and primer EGFP-R: 5′-TCCTCGCCCTTGCTCACC-3′.
Immunofluorescent cell staining. Glass chamber slides (Nalge Nunc; Thermo Fisher) were coated with human fibronectin (Biomedical Technologies Inc.), and transfected cells were seeded at 50,000 cells per well. Cells were fixed in 4% formaldehyde and actin cytoskeleton was visualized using fluorescently conjugated phalloidin (Molecular Probes; Invitrogen). Images were obtained with an Olympus FV300 confocal microscope.
Endothelial cell vasculogenesis in 3D collagen matrices. This assay was performed as previously described (9, 38) .
Immunoprecipitation and Western blotting. An expressed sequence tag (EST) for human PDCD10 (IMAGE: 3050540) was obtained from ATCC and cloned into a pcDNA3.1 Hygro + plasmid (Invitrogen) modified to encode an N-terminal FLAG tag. ESTs for Drosophila Pdcd10 and GCKIII were obtained from the Drosophila Genomics Resource Center and cloned into a pcDNA3.1 Hygro + plasmid modified to encode an N-terminal FLAG tag (Pdcd10) or HA tag (GCKIII). PDCD10Δ18 constructs were made using nested PCR with primers designed to overlap and omit the 54 nucleotides encoding those 18 amino acids. Plasmids were transfected into EAHY or HEK 293T cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, with a reduced dosage of DNA and lipofectamine for EAHY cells. Two days after transfection, cells were scraped into lysis buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 0.5% Triton X-100) supplemented with protease and phosphatase inhibitors and 1 mM DTT. A portion of cell lysate was retained as whole cell lysate and the rest precleared with normal mouse IgG conjugated to agarose beads (Santa Cruz Biotechnology Inc.) at 4°C for 1 hour, then incubated with anti-FLAG resin at 4°C for 2 hours. The beads were washed 3 times with lysis buffer, and bound proteins were eluted using Laemmli sample buffer. Presence of FLAG-tagged PDCD10 proteins was detected using the anti-FLAG M2 antibody (Sigma-Aldrich). Presence of HA-tagged GCKIII was detected using an anti-HA antibody (Santa Cruz Biotechnology Inc.). Nearinfrared secondary antibodies (LI-COR Biosciences) were used to probe the blots, which were visualized using the Odyssey system (LI-COR Biosciences).
Rabbit polyclonal antibody against PDCD10 was from Proteintech Group. Rabbit antibodies against phospho-myosin light chain (Thr18/Ser19), phospho-VEGFR2 (Tyr1175), total VEGFR2, phospho-PLCγ (Tyr783), total PLCγ, phospho-ERK1/2 (Thr202/Tyr204), and total ERK1/2 were from Cell Signaling Technology. α-Actinin antibody (clone H-2) was from Santa Cruz Biotechnology Inc. HRP-conjugated secondary antibodies were from Jackson ImmunoResearch. Western blots were developed using the ECL Plus Western blotting reagent (GE Healthcare) and Kodak Biomax MR film.
Drosophila strains. The GAL4/UAS system was used for tissue-specific RNAi knockdown (43) . The driver used was btl-GAL4 (42) , and RNAi targeting constructs v109453 (against Pdcd10) (41), v106841 (against Pdcd10) (41) , and v49559 (against GCKIII) (44) were obtained from the Vienna Drosophila RNAi Center. For rescue experiments, full-length cDNAs for Drosophila Pdcd10 were cloned into a pUAST transformation vector containing an attb site for site-specific transformation (52) provided by Carl Thummel (University of Utah). Transgenes were injected into docking sites VK00027 (53) and attp0016 (52) by Genetic Services Inc., and homozygous lines were established by standard methods.
For cDNA rescue experiments, flies homozygous for the cDNA rescuing construct on the third chromosome were crossed to a homozygous btl-GAL4, UAS-GFP driver line on the second chromosome to generate transheterozygote flies (btl-GAL4, UAS-GFP/+; UAS-Rescue/+). Males of this genotype were then crossed to virgin females homozygous for the RNAi targeting construct located on the second chromosome. GFP expression indicated the presence of the btl-GAL4, UAS-GFP transgenes. All of these larvae contain 1 copy of the RNAi targeting construct, and half also have the cDNA rescue transgene. Results shown used the v109453 line, which targets the 3′ UTR of Pdcd10. The v106841 line showed similar results.
Analysis of tracheal tube formation in Drosophila larvae. Animals were scored at the prewandering third instar larval stage for tracheal defects. Animals were graded by scoring air filling in primary sprouts emanating from the dorsal trunk. All primary sprouts were scored bilaterally (at least 12 per larva). The animals were categorized as having severe, moderate, or mild defects or wild-type if they had 3 or more of the following defects: (a) severe defects were truncations before the first bifurcation of the primary side branches or immediately after branching; (b) moderate defects represented gaps in air filling with filled tubes on both sides; (c) mild defects were loss of air filling only in the fine terminal tubes. In the event that more than 1 criterion was met, the more severe category was selected. If animals had fewer than 3 branches with a given defect, the less severe category was selected. Only animals with no defects were categorized as wild type.
Mouse and human experiments. All mouse experiments were approved by the University of Utah Institutional Animal Care and Use Committee. Human tissue samples were obtained with written informed consent and provided by Connie Lee and Amy Akers (Angioma Alliance, Norfolk, Virginia, USA) and Randy Jensen (University of Utah). Human experiments were approved by the Institutional Review Board of the University of Utah.
Statistics. For actin stress fiber content, and for in vitro lumen formation with GCKIII kinases, we performed ANOVA with Tukey's post hoc analysis with an α value of 0.05. For in vitro lumen formation time course for PDCD10, we performed statistical comparisons between treatment groups with a 2-tailed paired-sample t test with an α value of 0.05. For the tracheal tube formation rescue experiment, we performed a χ 2 test for independence with an α value of 0.05 (degrees of freedom = 9). For CCM penetrance and lesion content, we performed a 2-tailed t test with an α value of 0.05.
